Abstract Bending strength (MOR) and bending Young's modulus (MOE) according to DIN 52186 and MOE calculated on the basis of eigenfrequency and sound velocity were tested on small clear wood specimens of Norway spruce wood with and without compression failure. One group of specimens was climatised in a normal climate of 20C and 65% relative humidity, while the other group was stored for one month under water before testing. The MOR of specimens with compression failure decreased about 20% on average (normal climate and wet) compared with the specimens without compression failure. The MOE of the specimens with compression failure was reduced only minimally compared with the specimens without compression failure stored in a normal climate, but very distinct differences (more then 30%) were found under wet conditions. The MOE of the specimens with compression failure calculated on the basis of eigenfrequency and sound velocity were not reduced or only minimally compared with the specimens without compression failure. It is therefore not possible to detect compression failure and to determine reduction in MOR using eigenfrequency or sound velocity. In addition, impact bending (DIN 52189), tensile strength and tensile MOE (DIN 52188) were tested on small clear wood specimens of Norway spruce wood with and without compression failure. The specimens with compression failure revealed an average reduction in impact strength of about 40% and an average reduction in tensile strength of about 20% compared with the specimens without compression failure, whereas tensile MOE of the specimens with compression failure was not reduced compared with the specimens without compression failure. The detection of compression failure by computer tomography (CT) was tested on Norway spruce wood boards 10 cm in thickness, and detection by optical scanner was tested on planed Norway spruce wood boards. CT recognised large compression failures easily, whereas the scanner was not able to detect them. 
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Einfluss von

Introduction
Storm Vivian on 27 February 1990 and storm Lothar on 26 December 1999 caused major damage in Switzerland and other countries in Europe, with many million cubic metres of wood affected by wind. This wood could either not be used for construction at all, or only to a limited extent, because of the formation of compression failure. Compression failure describes the buckling of fibres which often occurs on the lee side of the wind-exposed tree. Since the compression strength parallel to the fibre is only half the tensile strength, some parts of the lee side of the tree, where the highest compression strength is found, overload under major bending, resulting in the formation of compression failures. These failures can be very small and only visible through a microscope, or several millimetres wide already be detected with the naked eye (Fig. 14) .
Previous investigations on the influence of compression failure on the strength of wood were in some cases contradictory. Trendelenburg (1940) , testing clear wood specimens of spruce, stated that tensile strength and impact strength were already reduced by very small, microscopically fine compression failures, whereas compression strength and bending strength were reduced only by larger compression failures. Glos and Henrici (1993) noticed in tests of timber that bending strength was not reduced significantly, but that tensile strength was reduced by 22%. Koch (1999) , in contrast, observed a 16% reduction in bending strength in tests of scantlings.
In order to obtain a clearer picture on the impact of compression failure on the strength of spruce wood, as part of a comprehensive project investigating the quality and use of storm-damaged wood, tests on small clear wood samples were carried out.
Material and methods
Specimens. Thirty Norway spruce trees (Picea abies [L.] Karst.) grown in the Federal Institute of Technology's research forest in Zurich which had been damaged by storm Lothar on 26 December 1999 were available to the project determining the wood quality. From each tree, 3 to 5 consecutive 5-metre trunk sections (128 in total) were cut to a fixed pattern. The specimens used for this particular project were taken from 10-cm-thick heart planks cut from the lower two metres of each trunk section. These heart planks ran parallel to the wind direction.
For bending, impact-bending and tensile tests, 50-cm-long blocks were cut from the heart planks. Wherever possible, one piece without compression failure and one or two pieces with macroscopically visible compression failure were cut from each heart plank, making sure that the compression failure was in the middle in each case. Then, slats were cut from the blocks at intervals of 35 mm, from both edges of the tree (each slat 31.5 mm wide; saw cut 3.5 mm). From these samples, 1 to 3 rough blanks were made (31.531.5500 mm). The blanks were climatised in a normal climate of 20C/65% RH, planed and cut down to their final size and shape (2020400 mm; growth rings standing), and climatised again in a normal climate.
For the tests on wet specimens (well above fibre saturation), 70 bending test specimens without compression failure and 50 bending test specimens with compression failure were put in water for one month.
The tensile test specimens were made from climatised bending test specimens by tapering them to a breadth of 8 mm in the middle and attaching two glue-on reinforcement strips at each end (cf. DIN 52188).
For the computer tomography tests, 3 specimens with obvious compression failure were cut from remaining portions of the heart planks (for size of specimens see Table 1 ).
For the scanner tests, 4 boards with compression failures were cut from the lee side of the heart planks.
Methods. Bending strength according to DIN 52186 of specimens stored in a normal climate (20C/65% relative humidity) and stored under water (average moisture content 89.7%), tensile strength according to DIN 52188, and impact bending strength according to DIN 52189 were tested. In addition, a number of non-destructive methods for the early detection of compression failure and its influence on wood strength were tested, in some cases on the same specimens used for the strength tests: sound velocity and eigenfrequency were measured for the specimens subsequently used in the bending test, and in addition, sound velocity was measured for specimens subsequently used in the impact-bending test. Accordingly, the MOE was calculated on the basis of sound velocity and eigenfrequency and compared with the MOE according to DIN (Niemz (1993) for the formula used to calculate the MOE on the basis of sound velocity, and cf. Görlacher (1984) for the calculation on the basis of eigenfrequency).
In addition, the ability of computer tomography and scanner technology to detect compression failure was tested.
Tests. For the bending tests on specimens stored in a normal climate, 1112 specimens without compression failure and 241 specimens with compression failure were tested. One problem was the large proportion of compression wood on the lee side of the heart planks, where most compression failures were also to be found. For this reason, the results of some tests were subdivided into two categories: results for all specimens, and results for clear specimens containing a maximum of 5% compression wood (cf . Tables 2 and 5 ). This was done for the normalclimate bending tests and the impact bending tests wherever a sufficient number of specimens were tested making such a subdivision possible.
The impact bending test was carried out on 158 specimens without compression failure and 70 specimens with compression failure.
The tensile test was performed on 79 specimens without compression failure and 23 specimens with compression failure.
The computer tomography tests were carried out at the Centre for Non-Destructive Testing (ZZfP) at the EMPA in Dübendorf, using an X-ray computer tomograph. Given the size of the specimens, it was only possible to scan at a resolution of 0.2 mm. Table 1 contains details of the images in summary. For the first two specimens (A052 and A102-1), tomographs were taken of different layers in radial to slightly tangential section, in the case of specimen A052 at intervals of 10 mm (plus two additional tomographs at 76 and 96 mm), and in the case of specimen A102-1 at intervals of 5 mm. For the third specimen (A102-2), only one tomograph was taken, half way up the specimen. In addition, a tomograph of specimen A102-1 was taken in cross section.
Four 1200-mm-long planed boards with compression failure between 0.1 and 2.5 mm wide were scanned at Scanimation Europe, Dresden, using an industrial scanner system (ScanChop LCS-2). The tests were done with both a colour camera (Type TVI highresolution RGB: 0.2 mm pixel width) and a black and white camera (Type IVP 2500 with 0.4 mm linewidth resolution and 0.15-0.2 mm height resolution).
Results
Bending test on normal climate specimens
The specimens with compression failure showed an average reduction in MOR of over 20% compared with the specimens without compression failure (Table 2) . Further, the MOR was strongly dependent on the width of the compression failure (Fig. 1) . While the MOR for specimens with compression failures with a width of 0.1 mm revealed an average reduction of only 10% compared with the specimens without compression failure, MOR for specimens with compression failures of 1.5 mm and more Table 2 Influence of compression failure on bending strength, MOE according to DIN and MOE calculated on the basis of eigenfrequency (E b.ef ) and sound velocity (E b.sound ) for specimens stored in a normal climate (20C/65% RH). The means of all specimens (total) and of the specimens without compression wood (clear) are specified. Coefficient of variation in brackets. The percentages refer to the specimens without compression failure in width decreased about 58% to an average MOR of 37.5 N/mm 2 . The influence of compression failure on the MOE according to DIN was low. The average MOE for specimens with compression failure was reduced to only 5% compared with specimens without compression failure (Table 2) . Further, the coefficient of determination between the MOR and the MOE was small (R 2 =0.35) for the specimens with compression failure, whereas the specimens without compression failure had a coefficient of determination of R 2 =0.76 (Fig. 2) . On the MOE calculated on the basis of non-destructive methods-eigenfrequency (E b.ef ) and sound velocity (E b.sound )-the influence of compression failure was even lower than on the MOE according to DIN. While E b.ef remained more or less constant over all measurements, E b.sound increased slightly for the specimens with compression failure in line with their higher density. According to this the coefficient of determination between the MOR and E b.ef for the specimens with compression failure was very low at R 2 =0.21. At R 2 =0.08, there was practically no correlation at all between the MOR and E b.sound (Figs. 3 and 4) .
Bending test on specimens stored in water
As expected, the MOR of specimens stored in water was much lower (more than 40% lower on average) than that of specimens stored in a normal climate (cf. Niemz 1993) . However, the effect of compression failure on waterstored and normal-climate specimens was similar (Table 3), with both types of specimen losing around 20% of their strength on average. However, the reduction in the strength of water-stored specimens with wider compression failure was less pronounced than for specimens of the same width stored in a normal climate (Fig. 5 ). For widths of 1.5 mm and more the mean reduction in strength was 43% compared with the specimens without compression failure (normal-climate specimens 58%, see above).
The bending MOE according to DIN was significantly affected by compression failure (unlike the normal-climate specimens). This was reflected in a substantial 34% reduction in MOE for the specimens with compression failure compared with the specimens without compression failure (Table 3) . Further, Fig. 6 (bending strength versus MOE according to DIN) shows only a slightly lower regression line for the specimens with compression failure. However, the coefficient of determination was low, both for specimens without compression failure (R 2 =0.34) and those with compression failure (R 2 =0.32). As was the case with normal-climate specimens, MOE calculated on the basis of eigenfrequency and sound velocity displayed only minimal correlation with strength for the specimens with compression failure. While E b.ef decreased slightly for specimens with compression failure, E b.sound remained fairly constant. At R 2 =0.26, the coefficient of determination for E b.ef was also very small, and R 2 =0.04 for E b.sound indicates virtually no correlation with strength at all (Fig. 7, 8 ). 
Tensile test
The tensile strength of the specimens with compression failure was around 23% lower than for those without compression failure. The tensile MOE according to DIN displayed no influence to compression failure, but increased with higher density and decreased with lower density (Table 4) . This is also reflected in Fig. 9 in the lower coefficient of determination between tensile strength and MOE for the specimens with compression failure (R 2 =0.35) than for specimens without compression failure (R 2 =0.53).
Impact-bending test
In Table 5 , if all specimens tested are compared, the impact bending of specimens with compression failure is around 40% lower than for those without compression failure. The difference is even higher for clear specimens (almost 47%). The reduction is already around 40% for specimens with compression failure of a width of 0.1 mm or less, and not much more for wider compression failure. Comparing impact-bending strength with the MOE calculated on the basis of sound velocity gives only a low correlation (R 2 =0.33 for specimens without compression failure, R 2 =0.15 for those with compression failure; cf. Fig. 10 ). 
Computer tomography test
Compression failure showed up as light-coloured lines (longitudinal section) and light-coloured bands (crosssection) on computer tomographs (Figs. 11, 12 , 13, cf. Fig. 14) . Due to the low resolution of the images (pixel width 0.2 mm), fine cracks were not visible. However, computer tomography allows the inside of the wood specimen to be examined. In the case of specimen A102-2, where compression failure was visible superficially on only one side, a single computer tomograph taken half way up the specimen showed that the compression failure extended at least half way through the specimen. Specimen A052 shows the influence of a branch on the formation of compression failure (cf. Figs. 11 and 12 ). On the computer tomographs the compression failure disappears close to the branch. The length and breadth of the reaction wood also decrease close to the branch. Since, however, the reaction wood does not disappear completely, it can be assumed that there is also compression failure close to the branch, not visible in images of this resolution. In Fig. 11 the reaction wood resulting from Fig. 7 Bending strength versus MOE according to E b.ef on specimens stored in water Abb. 7 Biegefestigkeit in Korrelation zum E-Modul, berechnet aus der Eigenfrequenz bei den wassergelagerten Proben Fig. 8 Bending strength versus MOE according to E b.sound on specimens stored in water Abb. 8 Biegefestigkeit in Korrelation zum E-Modul, berechnet aus der Schallgeschwindigkeit bei den wassergelagerten Proben Table 4 Influence of compression failure on tensile strength and tensile MOE of specimens stored in a normal climate (20C/65% RH). Represented are the mean and, in brackets, the coefficient of variation. The percentages refer to the specimens without compression failure compression failure is clearly visible right of the branch, but the compression failure itself is no longer visible. As one moves further from the branch, where the fibres are deflected less from the longitudinal, the compression failure is clearly visible once again (Fig. 12) . In the case of specimen A102-1 the compression failure can be easily traced through all sections. All the computer tomographs show continuous compression failure.
Scanner test
Neither the black and white nor the colour camera were able to record compression failure adequately to produce data sets which could be evaluated to detect compression failure. This is due on the one hand to the low resolution (0.15-0.4 mm pixel width), which allowed only wider instances of compression failure to be recorded. Another important factor is that in scanner images, the colours or grey tones representing compression failure are not suf- Table 5 Influence of compression failure on impact strength and MOE calculated on the basis of sound velocity (E i.sound ) for specimens stored in a normal climate (20C/65% RF). The means of all specimens (total) and of the specimens without compression wood (clear) are specified. Coefficient of variation in brackets. The percentages refer to the specimens without compression failure 
Discussion
Compared to all the types of strength investigated, impact-bending strength is the most strongly affected by compression failure, with a mean reduction in strength of between 40% and 47%. This tallies with the findings of Koch (1999) , who even observed a mean reduction in strength of over 60%, albeit on fibre-saturated specimens (cf. also Koch 1996) . Impact-bending strength and tensile strength decrease sharply even with compression failure of a width of 0.1 mm or less (around 40% and 20% respectively), and in both cases the reduction in strength is not much more pronounced for compression failure of more than 0.1 mm. However, bending strength decreases only minimally, between 8% and 12%, for compression failure less than or equal to 0.1 mm wide, but decreases around 60% when there is wide compression failure (cf. Fig. 1 ). This tallies with the observations of Trendelenburg (1940) , who detected a clear reduction in impact-bending strength and tensile strength, but not in bending strength, even with compression failure of microscopic width.
Unlike Glos and Henrici (1993) testing timber, the present investigation of clear wood specimens observed a sharp decline in the bending strength (around 20% on average) of specimens with compression failure stored both in a normal climate and in water.
According to Glos and Henrici (1993) and Koch (1999) , no significant reduction in MOE according to DIN was observed in bending tests (normal climate) or tensile strength tests for specimens with compression failure. One exception were bending test specimens stored in water, where MOE decreased even more than MOR. It is interesting that there is a substantial reduction in MOE even in cases where only fine compression failure occur. Trendelenburg (1940) also observed a significant reduction in the bending MOE of specimens with compression failure. However, the data give no indication of whether the specimens were tested in a fibre-saturated or normal-climate state.
As far as using non-destructive methods-eigenfrequency and sound velocity-to assess the strength of specimens with compression failure is concerned, bending tests and impact-bending tests (sound velocity only) demonstrated only a minimal correlation, or no correlation at all, between the MOE calculated on the basis of eigenfrequency and sound velocity and the bending or impactbending strength. This shows that detecting compression failure and its influence on bending and impact-bending strength is not possible using the two non-destructive methods investigated, eigenfrequency and sound velocity.
The ability of CT and scanner technology to detect compression failure is strongly dependent on the resolution of the equipment used. The higher the resolution, the finer the compression failure that can be detected. Using CT it is possible to see the extent of compression failure inside a specimen. However, with the error-detection programs currently available, automatic detection using a scanner is not possible for industrial purposes. 
